The stability constants of the binary C u (A A )+ and C u(A A )2 complexes, w here A A ' = L-phenylalaninate (Phe ) or L-tryptophanate ( T r p ) , have been determ ined by potentiom etric pH titrations in w ater, and in 30, 50, 70 and 80% (v/v) dioxane-w ater mixtures (1 = 0.1 M, N a N 0 3; 25 °C); the corresponding data for the complexes with L-alaninate (A la-), L-valinate (V al"), L-norvalinate (N va"), and L-leucinate (Leu ) are taken from our recent work (G. Liang, R. T ribolet, and H. Sigel, inorg. Cnim. /vcta 155, 273 (19S9)). The uvciall stability of C u (A A )+ and C u(A A )z is governed for all amino acetates (A A ") by the polarity of the solvent, while the extent of the intram olecular stack formation between the arom atic side chains in C u (A A )2 is influenced by the hydrophobic solvation properties of the organic solvent molecules (i.e., the ethylene units of dioxane). Based on the stability difference A log K£A = log K c^aaJ, -l°g KcÜ(aa>-is shown that C u(Phe)2 and Cu(Trp)2 are more stable than C u(A la)2, and this increased stability is used for evaluating the extent of the stack formation (= closed form) in C u(P he)2 and C u(T rp)2: the percentages of the closed forms vary between about 25 and 80% (based on C u (A A )2/tot), and those for C u(V al)2, Cu(Leu)2 and Cu(N va)2 betw een about 10 and 30%. The form ation degree of the intram olecular side-chain adduct in C u(A A )2 decreases (in most solvents), as one might expect, within the series:
tions in aqueous solution for low-molecular-weight associates via the formation of m ixed ligand metal ion com plexes has been demonstrated [7] [8] [9] [10] , H ow ever, "hom o-interactions'' between the same type of aromatic-ring residues are also com m on [11] . For exam ple, the interaction between phenylalanine rings in proteins is well documented [1, 12] , and the formation of intramolecular stacks in aqueous solu tions of binary amino acid com plexes, like M(phenylalaninate)2, M (tyrosinate)2 and M (tryptophanate)2 with M2+ = Co;+, N i;+, Cu2^ or Zn2+, is also known [13, 14] . In connection with these binary com plexes one should note that, analogously to the observa tions made with mixed ligand or ternary com plexes [7-9, 14, 15], the formation of a metal ion-bridge between the aromatic-ring residues considerably favors the stability of the stacks [13] . This property is important for the following reasonings and the design of the experiments.
There is now good evidence that in the active-site cavity of an enzyme or protein the "equivalent solu tion" or "effective" dielectric constant is lower than in water [16, 17] , and this raises the question: How are the stacking properties of aromatic side chains of amino acids influenced under such conditions? It should be recalled that addition of organic solvents like ethanol or dioxane to an aqueous solution not only reduces the polarity of the solvent but also in hibits hydrophobic and stacking interactions in un bridged adducts, i.e. lowers their stability [15, 18] . Is the latter a general feature? D oes it also hold for bridged adducts?
It seem ed to us that simple amino acetate ( A A -) com plexes are ideal to tackle these problem s, as the stability of such com plexes can exactly be deter mined by potentiom etric pH titrations. H ence, we studied the stability of the C u (A A )2 com plexes, where A A ' = L-phenylalaninate or L-tryptophanate (Fig. 1) , and evaluated the influence of increasing amounts of dioxane on their stability. It turns out that the formation degree of the intramolecular stacks is still significant even in 70% (v/v) dioxanewater mixtures.
The evaluation of the results to be presented is based on the stability of the C u(L-alaninate)2 com plex [19] . The stabilities of M (glycinate)2 com plexes are known [20, 21] to be often exceptional and there fore Cu(glycinate)2 was not considered as being a suitable basis. H ow ever, the methyl side chain of alaninate is so short that no hydrophobic ligand- ligand interaction is possible in C u(A la)2. This is dif ferent with amino acids having a larger aliphatic side chain, like L-valine, L-norvaline or L-leucine (Fig. 1) ; as shown recently [19] , in the corresponding C u (A A )2 com plexes an interligand interaction is occurring to som e extent and therefore these previ ous results are shortly compared with the present ones.
There is one further aspect to be kept in mind: A m ino acetates can bind to the equatorial part of the Cu2+ coordination sphere in two different ways [22] as shown in Fig. 2, i.e. a cis and a trans isomer may be formed: If both amino acids are of the same chirality both side chains will be on the same side of the com plex in the trans isomer, and on opposite sides in the cis com plex. It is obvious, that an intramolecular ligand-ligand interaction can occur only in the trans arrangement of a C u (A A )2 complex. However, solu tion equilibration rates are rapid for Cu2+, trans arrangements are usually preferred [23] [24] [25] [26] , and the energy barrier for the cis/trans isomerization in glycinate-like structures is low even in the solid state [27, 28] , and consequently most probably even lower in solution [29, 30] . Finally, it should be emphasized tran s cis Fig. 2 . Possible arrangem ents of two amino acid anions in the equatorial part [22] of the coordination sphere of Cu2+.
that all com plexes to be compared (Fig. 1 ) have the same 2 N / 2 0 donor set coordinated equatorially to Cu2+, and therefore any increased stability, com pared with C u(A la)2, is to be attributed to intra m olecular ligand-ligand interactions.
Experimental
L-Phenylalanine (puriss.) was obtained from Fluka A G , Buchs (Switzerland) and L-tryptophan (biochem ical grade) from Merck A G , Darmstadt (F .R .G .). A ll the other materials were the same as used recently [19] .
The potentiom etric pH titrations and the evalua tions o f the experimental data were carried out cxactly as described [19] 
Results and Discussion

Definition o f the equilibrium constants and stabilities o f the binary C u (A A )+ and C u (A A )2 com plexes
The equilibrium constants were determined by potentiom etric pH titrations (I = 0.1 M. NaNO^; 25 °C). The acidity constants of the protonated am ino acids, H 2(A A ) + (eq. (1) and (2)), and the stability constants of their binary C u (A A )+ (eq. (3)) and C u (A A )2 (eq. (4)) complexes are defined by the follow ing equilibria:
The relative stability o f the two binary com plexes towards each other may be quantified by considering equilibrium (5a): 1 -4) ) measured for the systems with L-alanine [19] , L-phenylalanine and L-tryptophan are summarized in Table I for water and 30% , 50% , 70% and 80% (v/v) d io x a n ewater mixtures as solvents. The constants valid for these solvents are given together with the mol frac tions o f dioxane in the solvents and the correspond ing dielectric constants [32] .
It is interesting to note already here that the values for the stability differences A log KAA (eq-(5, 6 )) for the com plexes with phenylalaninate and tryptophanate are less negative than the corresponding val ues for alaninate (Table I ). This situation is evidently reflected in Fig. 3 , where zllog KXa is plotted in dependence on the amount of dioxane added to water: only at high concentrations o f dioxane the properties o f the Cu2+ systems with P he-and Trpare becom ing more and more A la --like. H ence, already this simple comparison demonstrates the occurrence of a significant intramolecular ligandligand interaction in the C u (A A )2 com plexes o fP h eand Trp-in most solvent mixtures. A more quantita tive evaluation o f these data is given in Section 3.
Clearly, a relatively large, i.e. less negative value for Zl log KXa may originate either from a low stabili- Table I . Negative logarithms of the acidity constants of L-alanine. L-phenylalanine and L-tryptophan (eq. (1. 2)) and logarithms of the stability constants of the corresponding binary C u(A A ) + (eq. (3)) and C u(Ä A ): (eq. (4)) complexes, together with the stability differences Zllog K^a (eq. (5)). in dependence on the am ount of dioxane added to w ater at I = 0.1 M (N aN O ,) d The errors given are three times the standard error of the mean value or the sum of the probable systematic errors, whichever is larger. The values of the erro r limits for Zllog K^a were calculated according to the error propagation after Gauss; b the dielectric constants for the dioxane/w ater mixtures are from [32] ;c these values are taken from Table I of [19] . * W hatever the reason for the slight stability increase in C u(T rp)+ may be, and in whatever way this may be af fected in C u(Trp)2 by the intram olecular ligand-ligand interaction, its disturbance is on the account of this ligand-ligand interaction, i.e. on the stability of C u(T rp)2, and therefore the stability difference A log Kyrp is still exactly describing the position of equilibrium (5 a), and also zlZllog K* (eq. (10); Section 3) that of equilib rium (i3 ); hence, liie e q u ili'u iiu in c u n s id in Iv* (cq. (7 -9) ) and consequently the percentage of C u(T rp)2/cl (eq. (12)) can still be calculated (see Section 3). A s the change in solvent polarity affects not only the stability of the com plexes but correspondingly also the basicity of the amino acetates (see Table I J The values for A log K JA (eq. (5)) and their error ranges (three times the standard error) are from Table L^llog K£A/op = Zllog K£|a (eq. (11)). The error limits for AA\og K* (eq. (10)), Kf (eq. (9)), and % C u(A A )2/cl (eq. (12)) were calculated according to the error propagation after Gauss.
Clearly, knowledge of Kf also allows to calculate the percentage of the closed form in equilibrium (7 a): % C u(A A )2/cl = -■ 100 (12) 1 i iVy
The results based on eq. (9) through (12) are sum marized in Table II. It may be helpful to emphasize that zlzllog K* (eq. (10)), which is given in the fifth column of Table II, is the difference between the logarithms o f two equilib rium constants (eq. (5)) and therefore 10^log K is also quantifying the position of an equilibrium. By making use of the definition ( 11) , this equilibrium may be written as:
C u (A A )+ + Cu(A la)-C u(A A )+ C u (A la)+ (13)
It is evident that the coordination spheres of Cu2+ on both sides of equilibrium (13) (Table  II) Fig. 7) . This agrees with previous observa tions in aqueous solution [13, 30] , and with the expecta tion that the larger indole moiety of tryptophanate should be som ewhat better suitable for the formation o f stacks than the smaller phenyl ring of phenylalaninate. One may also expect that the intensity of an interac tion between aromatic rings is more pronounced than betw een aliphatic residues [13, 30, 35] . This is indeed confirmed by the results shown in Fig. 7, at least Table III have been compiled [13, 19, 36] . Though these data refer only to aqueous solution it is evident that ligand-ligand interactions also occur to a considerable extent in amino acid com plexes of other metal ions with differ ent coordination geom etries; the order of the interac tion intensities described for the Cu2+ com plexes is also clearly valid for other M( A A )2 species (cf. also Section 4).
Structural considerations on the intramolecular ligand-ligand interactions in M (A A )2 complexes
A t first we shall consider the situation in aqueous solution, and it should be recalled that the usually a The values with an error limit (3a) are for the Cu2 + complexes with V aL , N va-and Leu from [19] , and for those with Phe~ and T rp ' from Table II of this work; all the other values are the averages (in the case of several values) of the percentages listed in Table VI of [13] : b cal culated with the constants given in [36] and eq. (7 -1 2 ) . The described structural arrangement would still provide the space for an apically coordinated water m olecule and we suggest that the differences be tween the C u (A A )2 and N i(A A )2 complexes origi nate here: From the data for M (A A )2/c| in Table III (e .g ., [24, 40-43]) ; i.e., a structure with the (more weakly bound) apical water molecule on one side of the equatorial square-plane and the two amino acid side-chains on the other (Fig. 2) . The fact, that Cu2+ is usually somewhat displaced from the base plane containing the stronger bonds toward the more weakly bound top atom of the pyramid (e.g., [24, 44] ) would further favor the side-chain interaction.
Clearly, in com plexes of metal ions with tetra hedral (Z n2+, ?) or octahedral (C o2+, Zn2+, ?) coor dination spheres and amino acids of the considered type a ligand-ligand interaction is (at least) as easily achieved as in the distorted coordination sphere of Cu:+. Indeed, the formation degrees listed in Table  III for (Table III) is expect ed and was also already indicated in Section 3.
How is the situation regarding the intramolecular ügand-ügand interartion in organic solvent-water mixtures? The bell-shaped curves of Fig. 7 repre senting the formation of C u (A A )2/ci for V al", Leu , and Nva~ in dependence on the mol fraction of dioxane added to water can only result, if at first the increasing amounts of dioxane promote the intra molecular interaction in the concentration-independ ent equilibrium (7a), while at higher concentrations inhibition occurs. How ever, the same effect, though less pronounced, must also occur with Cu(Trp)2 and C u(Phe)2, because the inhibition of intramolecular stack formation, e.g., in 50% dioxane is only very minor (Fig. 7) compared with the effect of the same solvent composition on metal ion unbridged stacks (Table IV) a Entries 1-3 are from [15] . I = 0.1 M (N a N 0 3); 27 °C. The constants were determ ined by 'H NMR shift m easurem ents; b entries 4 and 5 are from [35] . I = 0.4 M (H C l); 23 °C. The constants were determ ined by UV spectrophotom etry;c entries 6-8 (BzOH = benzyl alcohol) are from [18] . I = 0.25 to 0.5 (in 6), to 1.3 (in 7) and to 0.6 (in 8) (N aN O ,) ; 34 °C. The constants were determ ined by 'H NMR shift m easurem ents under the assumption that Z n_i and 1 ,i0-pliciiaiiLiiiuIinc react practically com pletely to Z n(Phen)2+; there is no Z n 2+-bridge form ed betw een the two interacting aromatic-ring systems. 
Som e conclusions regarding side-chain interactions o f am ino acids
To evaluate the solvent influence on hydrophobic and stacking interactions somewhat further, the fol lowing consideration may be helpful. The solvent in fluence on binary and unbridged adducts formed be tween amino acid residues has so far not been studied, but stability constants of related adducts have been determined in several solvent mixtures; som e results on the effect of dioxane are given in Table IV The results of Fig. 7 and 8 are instructive as they reveal the structuring forces inherent in the sidechains of phenylalanine, tryptophan, and aliphatic amino acids. These forces were certainly important during evolution of life and they are still participating in the formation o f the three-dim ensional structures o f proteins, as well as in the determination of selec tivity as it occurs in bio-systems, e.g. with regard to nucleotides [7, 8] . Taking 
